We have treated 14 patients (15 fractures) with nonunion of an intra-articular fracture of the body of the calcaneum. The mean follow-up was six years (2 to 8.5). A total of 14 fractures (93%) had initially been treated operatively with 12 (86%) having non-anatomical reductions. Four feet (27%) had concomitant osteomyelitis. Of the nonunions, 14 (93%) went on to eventual union after an average of two reconstructive procedures. All underwent bone grafting of the nonunion. The eventual outcome was a subtalar arthrodesis in ten (67%) cases, a triple arthrodesis in four (27%) and a nonunion in one (6%). Three patients had a wound dehiscence; all required a local rotation flap. The mean American Orthopaedic Foot and Ankle Society score at latest follow-up was 69, and the mean Visual analogue scale was 3. Of those who were initially employed, 82% (9 of 11) eventually returned to work. We present an algorithm for the treatment of calcaneal nonunion, and conclude that despite a relatively high rate of complication, this complex surgery has a high union rate and a good functional outcome.
Nonunion is a rarely reported complication of calcaneal fractures. In a series of 157 intra-articular fractures of the calcaneum treated by open reduction and internal fixation (ORIF), Zwipp et al 1 had a rate of nonunion of 1.3%. A review of the English literature indicates five case reports, comprising a total of seven patients with calcaneal nonunion. Three accounts (five patients) describe nonunion of the anterior process. [2] [3] [4] Another describes nonunion of the sustentaculum tali in a middle-aged man with nonunion involving the sustentaculum tali resulting in tarsal tunnel syndrome. 5 His symptoms resolved after excision of the ununited fragment. There is only one report of nonunion of an intra-articular fracture of the body of the calcaneum. This case involved a 36-year-old woman with an undisplaced fracture treated initially with early mobilisation. At six months, because of radiological and CT-documented nonunion, she underwent ORIF with a reconstruction plate and union was achieved. 6 We present the senior author's (MSM) experience with a consecutive series of patients treated for nonunion of an intra-articular fracture of the body of the calcaneum.
Patients and Methods
Between 1993 and 2004, 18 patients (19 fractures) were treated for calcaneal nonunion and followed up prospectively. Of these, 14 patients (15 fractures) had follow-up of two years or more since the time of the injury, with a mean of six years (2 to 8.5), and form the basis of this paper. Three patients were unavailable for complete evaluation as they lived too far away, and one was lost to follow-up. Only one had initially been treated at the authors' institution, the remainder being referred from elsewhere. There were nine men (64%) and five women (36%). Their mean age was 42 years (27 to 64). Six patients (43%) were labourers, primarily roofers and construction workers. Eight patient injuries (57%) were sustained in falls and six (43%) in motor vehicle accidents. At the time of initial injury, seven patients (50%) were smokers. Data regarding demographics, the characteristics of the initial fracture, initial treatment, time to nonunion, and the radiological parameters, including Bohler's angle, talar declination, heel widening, and the presence of subtalar or calcaneocuboid arthritis, were collected retrospectively at the time of the diagnosis of nonunion (Tables I and II) . Subsequently, the following information was collected prospectively: the type of reconstructive surgery to treat the nonunion; the final results; complications; final range of movement of the ankle; return to work; the angle of talar declination; the final visual analogue scale (VAS), and final American Orthopaedic Foot and Ankle Society 7 (AOFAS) score.
Operative technique. Careful pre-operative planning is essential. Thorough clinical evaluation and standard weight-bearing radiographs of the calcaneum, foot and ankle should be carried out and, where possible, compared with the full series of previous pre-and post-operative radiographs. A CT scan with reconstruction views in all planes provides valuable information on the exact nature of the deformity, the ununited fragments and the quality of the bone (Fig. 1) . Avascular necrosis and subchondral sclerosis are invariably present, and although this can be demonstrated by plain radiographs, a CT scan is useful to clarify this diagnosis, which is ultimately confirmed intra-operatively.
The site of the skin incision is determined by the type of deformity and the reconstruction to be performed. Thus, there is a negative angle of talar declination and painful anterior impingement, a subtalar bone block arthrodesis is necessary. For these patients, a vertical retrofibular incision is used. 8 If, however, an in situ subtalar arthrodesis is to be performed, a standard incision is made centred over the sinus tarsi, regardless of the previous incision which had been used for the ORIF of the fracture. 9 Using the original extensile incision to perform an in situ arthrodesis is difficult, unnecessary, and can create the added risk of wound necrosis. We have noted that the subcutaneous dissection performed using either of these incisions does not create an added risk to wound healing if the reconstruction is performed more than six months later. If it is not possible to remove the retained hardware through the chosen approach, it should be approached percutaneously. 10 If a bone block subtalar arthrodesis is necessary as part of a triple arthrodesis, then the same vertical retrofibular incision is used as well as a short longitudinal incision over each of the talonavicular and calcaneocuboid joints. Whichever arthrodesis is to be performed, the same initial preparation of the subtalar joint is necessary. A lateral approach is made to the joint and the lateral wall of the calcaneum. Because of deformity and increased heel width, a lateral wall exostectomy is usually necessary and is performed following removal of the hardware (Fig. 2) . Preparation of the nonunion is then undertaken. Frequently it is necessary to carry out an osteotomy through the old fracture site. This is needed if there is a partial union, which may be fibrous or bony, and is usually on the plantar surface. It can be determined by inserting a non-toothed laminar spreader into the nonunion site, noting hinging rather than longitudinal separation of the main fragments. Thorough debridement of all fibrous tissue and avascular bone is undertaken and continued until punctate bleeding is observed. This is augmented with multiple perforations of the margins of the nonunion with a 2 mm drill bit. Although the bone margins should be debrided in this way, it may not be possible, particularly distally, at the neck of the calcaneum, which is often densely sclerotic. Here, multiple perforations are relied upon for preparation of the nonunion surface.
If a bone block arthrodesis of the subtalar joint is to be performed simultaneously, a laminar spreader is inserted into the subtalar joint and on to the calcaneal tuberosity, which is then depressed towards a more anatomical position ( Fig. 3a) This corrects the altered angle of talar declination. [11] [12] [13] To enable this relative lengthening of the calcaneum, a percutaneous or open lengthening of the tendo Achillis is usually necessary. At this stage, the true size of the defect becomes evident. It is then filled with allograft cancellous chips or a bicortical structural graft, depending on its size and the deformity, as noted above (Fig. 3b to 3d) . In order to provide enhanced osteo-induction, a platelet-rich plasma concentrate (The Symphony System; DePuy, Warsaw, Indiana) was used in conjunction a) Sagittal CT scan showing nonunion of a conservatively-treated calcaneal fracture. b) Lateral radiograph of the same patient demonstrating the nonunion with elevation of the posterior calcaneal tuberosity. c) Post-operative lateral radiograph demonstrating improvement of the talar declination angle, a subtabular arthrodesis and healing of the nonunion. with the allograft for five of the 15 nonunions when it became available for the later cases. Fixation of the subtalar joint and the nonunion is determined by the size and extent of the defect in the calcaneum and the type of arthrodesis to be performed. The nonunion is usually addressed first, with internal fixation using cannulated screws. Reliable and reproducible fixation cannot be achieved if this fragment is less than 2 cm long anteroposteriorly. Then, a triple arthrodesis should be undertaken. Fixation normally involves the use of 6.5 mm cannulated screws for the subtalar joint and 5.0 mm cannulated screws for the calcaneocuboid and talonavicular joints if a triple arthrodesis is undertaken. If poor-quality bone and comminution are encountered, larger fully threaded screws, multiple smaller divergent partially threaded screws or, especially for a triple arthrodesis, a trapezoidal reconstruction plate, are used.
Subluxation or dislocation of the peroneal tendons, associated in some cases with chronic lateral instability of the ankle, is often present and will need to be addressed at the same time following the bony reconstruction. This is accomplished by deepening the peroneal groove with a large ovalshaped burr and repair of the retinaculum, supplemented by ligament reconstruction if there is instability. We have found the modification of the Chrisman and Snook procedure 14 to be useful if the retinacular and periosteal flap is not sufficient.
Results
The fractures included two (13%) open and 13 (87%) closed injuries. Both open injuries were Gustilo 15 grade I. It was possible to classify the initial fracture patterns of 12 of the 15 nonunions using the Sanders classification system; 16 two of these 12 (17%) were Sanders 2, seven (58%) Sanders 3, one (8%) Sanders 4 , and two (17%) tongue-type/joint depression (i.e. complex combinationtype fractures). The initial treatment had consisted of ORIF in 14 fractures (93%) and non-operative treatment in one (7%). Of the patients initially treated operatively, the quality of reduction based on the initial post-operative radiographs was noted. The initial reduction was poor in 12 patients (86%) and good or excellent in two (14%). One of the fractures (7%) treated with ORIF also underwent primary subtalar arthrodesis. Three (20%) were complicated by osteomyelitis and a further three (20%) by wound dehiscence without deep infection (Table I) .
The mean time to diagnosis of nonunion was 7.9 months (3 to 12). The neck of the calcaneum was involved in 12 nonunions (80%), with the rest involving either the body and/or the tuberosity; 14 (93%) had subtalar and three (20%) calcaneocuboid arthritis. There were CT scans available for review in 13 cases and showed evidence of heel widening in 12 (92%), which was deemed to be mild in three (25%), moderate in five (42%) and severe in four (33%). The mean Bohler's angle was 9.3˚ (0˚ to 20˚) and the mean angle of talar declination was 8.3˚ (-20˚ to +25˚). All 15 nonunions had subtalar arthritis and three (20%) also had calcaneocuboid arthritis (Table II) .
The 15 nonunions underwent a mean of two (one to four) reconstructive procedures (Table III) . Deep bony infections were managed with staged debridement of nonviable bone, copious irrigation, and insertion of antibioticimpregnated cement beads. This was repeated until clinical and radiological evidence of infection had resolved. Three of 15 cases (20%) were so treated and all went on to have clinical, haematological and radiological resolution of infection. Two of these patients required two procedures and one required four because of wound dehiscence.
Although bone graft was used in all patients, ten cases (67%) required either a bone block or cancellous impaction grafting to restore heel height with bone blocks used in nine and cancellous impaction grafting in one. Some form of arthrodesis was required in 14 cases (93%). There were 19 subtalar arthrodeses, four triple arthrodeses, two calcaneocuboid fusions, six debridements of osteomyelitis and three local rotation flaps overall. One foot required a Dwyer-type calcaneal osteotomy to correct heel varus.
The mean angle of talar declination for the entire group improved from 8.3˚ (-20˚ to +25˚) to 21˚ (10˚ to 27˚) at final review. This improvement was statistically significant (p = 0.001) using Student's t-test. The final Bohler's angle was not measured because 13 patients (93%) underwent subtalar arthrodesis. Three nonunions (20%) were complicated by wound dehiscence following the subsequent salvage reconstructive surgery. One of these patients developed osteomyelitis. Two of these three patients had developed wound dehiscence after their initial ORIF and two were smokers.
Serial clinical and laboratory examination with inflammatory markers was performed. If these variables had improved after eight weeks, definitive intervention was undertaken. If the situation had not resolved by 10 to 12 weeks a repeat debridement with cement insertion was carried out. All eventually healed with debridement and a local rotation flap. The eventual mean AOFAS score for these patients was 73 (60 to 88) at a mean of 6.5 years (5.5 to 8). There was no clinical, haematological or radiological evidence of residual infection at final follow-up.
Sural sensation was impaired or absent in eight cases (53%). Eight ankles (53%) regained a full range of movement and seven (47%) had a range of movement which was reduced by 25% to 50%, which significantly affected the clinical outcome. The mean AOFAS score in patients with limitation of movement was 53 (40 to 65), whereas those without limitation of movement had a mean of 71 (45 to 88). This difference was statistically significant (Student's t-test, p = 0.016).
A total of 14 nonunions (93%) eventually healed. Of the 12 non-infected cases, six (50%) healed after the first procedure and six required at least one further operation. The final outcome was ten (67%) subtalar fusions, four (27%) triple arthrodeses and one (7%) nonunion with a cement spacer in situ. This last patient with persistent nonunion is a 52-year-old physician who sustained an open grade I, Sanders 3 calcaneal fracture in a motor vehicle accident. He underwent initial debridement followed by delayed ORIF, with excellent reduction at two weeks after injury. He subsequently went on to develop nonunion, diagnosed at three months, with concomitant osteomyelitis. He underwent debridement twice, with the insertion of antibiotic cement. However, the cement spacer fitted so well that it acted as an in situ arthrodesis. Currently, at 66 months' follow-up, he has no signs or symptoms of infection and a healed wound. He has an AOFAS score of 88 and a VAS score of 2, and takes no analgesic or anti-inflammatory medication. He has been working at his initial occupation since eight weeks after operation and does not desire further surgery.
Clinically, seven patients (50%) still took some form of analgesic medication at final review, and eight (57%) had sural nerve dysfunction. The final mean AOFAS score for the whole group was 69 (40 to 88) and the mean VAS score was 3 (1 to 8). Nine of 11 patients (82%) for whom data were available were able to return to work at their regular or modified occupation at a mean of 9.75 months (1 to 12) after their last surgical procedure.
Discussion
Although notable for complications, including wound breakdown, infection and arthritis of the subtalar joint, calcaneal fractures do not commonly develop nonunion, and recent reports of external fixation and minimally-invasive treatment have given good results with low rates of complications. 17, 18 There are several reasons for the low rate of nonunion. As open reduction is usually performed via a lateral approach, only the branches of the peroneal artery should potentially be at risk. The extensile 'L'-shaped lateral incision has been designed specifically to prevent injury to the osseous blood supply. As the calcaneum is composed mainly of cancellous bone it should heal well. However, 14 nonunions (93%) had been treated operatively initially, suggesting either that surgical intervention may compromise this blood supply, or that the more severe injuries, which have greater disruption of the blood supply, are more likely to be treated surgically.
Smoking, diabetes, and open fractures have all been identified as independent risk factors for wound complications after internal fixation of calcaneal fractures, 19 and it seems reasonable that they would also be risk factors for nonunion. We found that half of the patients in this series were smokers, and identify smoking as a risk factor. Only two patients had open fractures, although one has persistent nonunion as noted above. There was no evidence either clinically, haematologically, radiologically or intra-operatively of latent chronic osteomyelitis being the cause of nonunion, except in the three cases of overt osteomyelitis. The most significant risk factors for nonunion of a calcaneal fracture appear to be the quality of reduction and the appropriateness of fixation. In 86% of patients, the initial reduction and quality of fixation was poor, and the overall alignment gradually deteriorated. The majority of cases with poor reduction were where a lateral plate was used without supplementary screw fixation. Although there was a correlation between poor reduction and nonunion, this was not predictive in this small selected group. All the nonunions were grossly mobile at time of revision surgery, and had lost any stability provided by the initial treatment (Fig.  4) . Although subtalar arthritis was present in each patient, their symptoms were caused by a combination of deformity, nonunion and arthritis. Although arthrodesis may have resolved one component, unless the nonunion and associated deformity are addressed simultaneously, the salvage surgery will not be successful.
The first major decision of pre-operative planning is whether an allograft is required. 13 This is determined by the angle of talar declination and, to a lesser degree, the relative elevation and rotation of the calcaneal tuberosity. A negative, or grossly abnormal, talar angle will cause anterior impingement and limitation of movement. As we have shown that ankle stiffness statistically significantly reduces the functional outcome, we consider it paramount that this deformity be addressed, rather than an in situ arthrodesis. Although there was a statistically significant improvement in the angle of talar declination, anatomical normality was not achieved in every case. However, the range of movement of the ankle was checked per-operatively, and no patient had clinical or fluoroscopic impingement, whether anatomical normality had been achieved or not.
The high rate of re-operation of 60% is to be expected because of the complexity of the surgery, the poor quality of the bone and the extent of the defects. Discussing this as part of informed consent will enable the patient to temper their expectations and allow for the inevitable time required for recovery. There was a high rate of wound dehiscence (20%) and all of these patients required a local rotation flap. However, these three patients had significant risk factors for this complication. No problems were found using a standard approach centred over the sinus tarsi for an in situ subtalar fusion even if an extended lateral approach had previously been used.
These patients had all initially sustained a high-energy injury and most were manual labourers. They had been treated with protected weight-bearing for a prolonged period, with a low level of function while awaiting union and the mean time to the diagnosis of nonunion was 7.9 months (3 to 12). A pre-operative AOFAS score was not obtained and would have been impossible for the first two patients, who were recruited prior to the inception of this scoring system. The good overall functional outcome is shown by the mean AOFAS score of 69 (40 to 88), especially considering that the maximum score is 94, not 100, as hindfoot motion has been intentionally removed. The rate of returning to gainful employment (82%) is excellent for such a complex salvage operation.
One must be cautious about drawing conclusions from a relatively small number of patients. However, to our knowledge, this is the largest series of patients with calcaneal nonunion reported to date. Moreover, it provides useful information on the risk factors, characteristics, and appropriate treatment of this problem, as well as the likely prognosis. With appropriate treatment, this complex surgery can provide a good functional outcome with a high extension of eventual fracture union.
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